Repeated cocaine exposure upregulates opioids and their receptors in the mesocorticolimbic system; the ensuing -mediated dysphoria appears to contribute to addiction and withdrawal. As a potential rehabilitation strategy to reverse cocaine-induced sensitization, the present study used tritiated dopamine release assays to examine the induction of -opioid tolerance in cultured mesencephalic neurons. Administration of the agonist U69,593 inhibited tetrodotoxinsensitive, spontaneous (EC 50 ϭ 1.5 nM), and potassiumstimulated (EC 50 ϭ 10 nM) release. These effects were blocked by pertussis toxin and by the antagonist nor-binaltorphimine. The 2 d agonist exposure (1 M) caused a shift in the U69,593 dose-response curve that was greater in the potassiumstimulated paradigm (140-fold) than in the spontaneous release assay (sixfold). These results were attributable to the attenuation of -receptor signaling mechanisms and to dependence. In the stimulated release assay, attenuation of signaling caused by 4 hr of U69,593 exposure recovered with a half-life of 1.1 hr, whereas attenuation after 144 hr of exposure recovered slowly (t 1 ⁄2 ϭ 20 hr). In the spontaneous release assay, attenuation of -opioid signaling occurred slowly (t 1 ⁄2 ϭ 22 hr), and resensitization after a 144 hr exposure was rapid (t 1 ⁄2 Ͻ 1 hr). -Opioid dependence was observed after 144 hr of U69,593 exposure. Thus multiple mechanisms of adaptation to -opioid exposure occur in mesocorticolimbic neurons. These data support the idea that the administration of opioids might facilitate drug rehabilitation.
Repeated cocaine exposure upregulates opioids and their receptors in the mesocorticolimbic system; the ensuing -mediated dysphoria appears to contribute to addiction and withdrawal. As a potential rehabilitation strategy to reverse cocaine-induced sensitization, the present study used tritiated dopamine release assays to examine the induction of -opioid tolerance in cultured mesencephalic neurons. Administration of the agonist U69,593 inhibited tetrodotoxinsensitive, spontaneous (EC 50 ϭ 1.5 nM), and potassiumstimulated (EC 50 ϭ 10 nM) release. These effects were blocked by pertussis toxin and by the antagonist nor-binaltorphimine. The 2 d agonist exposure (1 M) caused a shift in the U69,593 dose-response curve that was greater in the potassiumstimulated paradigm (140-fold) than in the spontaneous release assay (sixfold). These results were attributable to the attenuation of -receptor signaling mechanisms and to dependence. In the stimulated release assay, attenuation of signaling caused by 4 hr of U69,593 exposure recovered with a half-life of 1.1 hr, whereas attenuation after 144 hr of exposure recovered slowly (t 1 ⁄2 ϭ 20 hr). In the spontaneous release assay, attenuation of -opioid signaling occurred slowly (t 1 ⁄2 ϭ 22 hr), and resensitization after a 144 hr exposure was rapid (t 1 ⁄2 Ͻ 1 hr). -Opioid dependence was observed after 144 hr of U69,593 exposure. Thus multiple mechanisms of adaptation to -opioid exposure occur in mesocorticolimbic neurons. These data support the idea that the administration of opioids might facilitate drug rehabilitation.
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Drugs of abuse alter dopaminergic neurotransmission in the mesocorticolimbic system (MCL), which comprises the ventral tegmental neurons projecting to the striatum and cortex (White, 1996; Wise, 1996) . Endogenous opioids contribute to the molecular adaptations that occur in response to drugs such as cocaine. For example, opioids facilitate dopamine release in the MCL (Di Chiara and Imperato, 1988; Koob and Le Moal, 1997) , whereas opioids like dynorphin decrease dopamine levels in these circuits (Di Chiara and Imperato, 1988; Spanagel et al., 1990; Donzanti et al., 1992) . Because opioids oppose the effects of cocaine in this system, they may be usef ul in treating cocaine addiction (Spanagel et al., 1992; Shippenberg et al., 1996) . Indeed, opioids have been shown to attenuate the acute behavioral effects of cocaine in rodents and can prevent the development of behavioral sensitization to cocaine (Heidbreder et al., 1993 (Heidbreder et al., , 1995 . Opioids also decrease cocaine self-administration in rodents and primates (Glick et al., 1995; Negus et al., 1997) .
Although the reinforcing properties of drugs like cocaine are important for their abuse, so too is the dysphoria associated with their withdrawal (Koob and Le Moal, 1997) . Repeated cocaine exposure increases the expression of receptors (Unterwald et al., 1994; Staley et al., 1997) and dynorphin mRNA (Sivam, 1989; Smiley et al., 1990; Hurd and Herkenham, 1993; Spangler et al., 1993; Steiner and Gerfen, 1993; Cole et al., 1995; Carlezon et al., 1998) in the MCL. Although it is not known whether increased dynorphin release accompanies this response, conceivably, withdrawal dysphoria is attributable to these adaptations (Hurd and Herkenham, 1993; Hyman, 1996; Koob and Le Moal, 1997) . Thus one therapeutic strategy to facilitate drug rehabilitation might be to reverse the cocaine-induced increase in opioids and their receptors via the induction of tolerance (Shippenberg and Rea, 1997) . Such an approach depends, however, on how readily the MCL develops tolerance to opioids.
Tolerance, defined as diminished drug effect because of drug exposure, can occur during opioid therapy. Mechanistically, it involves (1) attenuated signaling via receptor and receptor-linked systems and (2) compensatory alterations in the basal activity of the neuron. The latter also produce opioid dependence (Nestler and Aghajanian, 1997) . -Opioid tolerance has been shown to occur in intact animal systems as well as in hippocampal slices (Gmerek and Woods, 1986; Bhargava et al., 1989; Jin et al., 1997) . However, regional differences in susceptibility to opioid tolerance exist within the brain (Sim et al., 1996; Paronis and Woods, 1997) .
To address the question of whether -opioid tolerance occurs in the MCL, we have cultured midbrain neurons associated with the MCL and have studied -induced changes in tritiated dopamine release. This is a sensitive and specific measure of -opioid function in this system. We have found that the agonist U69,593 inhibits spontaneous and potassium (K ϩ )-stimulated dopamine release. We also have found that U69,593 exposure induces tolerance and dependence in this defined model system of presynaptic brain reward circuitry.
MATERIALS AND METHODS
Primar y culture. Primaria (Fisher Scientific, Pittsburgh, PA) 24-well plates were prepared with poly-D-lysine (PDL; 0.5 mg /ml; Sigma, St. L ouis, MO) in water overnight at room temperature. The PDL was washed off, and the plates were treated with mouse laminin (2 mg /cm 2 ; Becton Dickinson, Franklin Lakes, NJ) in PBS for 1-4 hr at room temperature. Laminin -PBS solution was removed before the addition of the cell suspension. Timed-pregnant Sprague Dawley (Harlan, Indianapolis, I N) rats at gestational day 15 were anesthetized and killed with carbon dioxide. Embryos were removed and the ventral mesencephalon was dissected out, using standard landmarks, and placed in L -15 medium on ice. Then the tissue was minced and incubated with 0.25% trypsin and 0.05% DNase I in PBS for 15 min at 37°C. The supernatant was removed and replaced with DM EM with 10% fetal calf serum, and the cells were dissociated by passage through a constricted-bore glass pipette. Dissociated cells were passed through a nylon filter and transferred to Neurobasal medium (Life Technologies, Gaithersburg, MD), B27 supplement [(Life Technologies), 0.5 mM glutamine, 100 U/ml penicillin, and 100 g /ml streptomycin] and plated onto the prepared plates at 1. ϩ -stimulated release, we added these drugs in K RS after the removal of the 72 min fraction, and they were present in subsequent fractions until the addition of PCA. For P TX (RBI) treatment, 1 g /ml of P TX in PBS was added to the culture medium, and incubations were performed for 22 hr at 37°C in 5% C O 2 . The tritium content of the 78 min fraction was used to quantitate drug effects on spontaneous release. To calculate K ϩ -stimulated release for each condition, we subtracted the average tritium content of the 78, 90, and 96 min fractions from the content of the 84 min fraction. Although the amount of DA released in the presence of 15 mM K ϩ can influence the spontaneous release in the 90 and 96 min fractions, we find this has only a small effect (Ͻ10%) on the calculation of the amount of K ϩ -stimulated release. Total 3 H-DA uptake was calculated by summation of tritium content from all of the fractions collected, including the acid lysate. E xcept where noted, all data are expressed as mean Ϯ SEM.
U69,593 tolerance studies. In experiments evaluating the kinetics of U69,593-induced attenuation of -receptor f unction, cultures were incubated with 1 M U69,593 in Neurobasal medium. For multi-day exposures U69,593 was refreshed in the same manner as the media, at 3 d intervals. To evaluate recovery from U69,593-induced attenuation, we washed the cultures five times with Neurobasal media over a 1 hr period and then returned them to conditioned Neurobasal medium. For experiments in which the recovery time was 2 hr, U69,593 was removed along with the Neurobasal medium, and the drug was washed off during the K RS washes that are part of the usual 3 H-DA loading protocol. Five washes over a period of 40 min were sufficient to reduce the U69,593 concentration to a point at which its effects on spontaneous release were undetectable. For experiments without recovery times, U69,593 at 1 M was present in the K RS used for washing and 3 H-DA loading and in all subsequent fractions. For evaluation of the effects of antagonism with nor-BN I (1 M; RBI) on spontaneous and K ϩ -stimulated release, nor-BN I in K RS was added after removal of the 66 or 72 min time points, and release was quantitated as shown in Figure 2 . Unless otherwise noted, the U69,593 exposure time period is measured from the time of the addition of U69,593 until the time it is washed off or until the time of 15 mM K ϩ addition in the 3 H-DA release assay. Reverse transcription/PCR . RNA was extracted from mesencephalic tissue with Trizol (Life Technologies) according to the manufacturer's instructions, and reverse transcription was performed. Equal amounts of RNA were used for each reverse transcription reaction [after standardization with ribosomal RNA (O'Malley et al., 1990) ] along with an opioid receptor primer common to all three subtypes (ATGC TGGTGAACAT-GTTGTAGTA). Then cDNA transcripts were amplified by PCR, using the reverse transcription primer in combination with one of three subtype-specific 5Ј primers (, AACACCAGCGAC TGC TCA; ␦, GT-GCGGAGC TGCAGTTTT; , AACAGCAGC TC TTGGTTC). Primers were selected to span an intron to minimize background signal caused by genomic templates. PCR products were fractionated by polyacrylamide gel electrophoresis and analyzed with Vistra Green (Amersham) and quantitative fluorimaging.
Nonlinear regression. Nonlinear regression and curve fitting were performed with Prism2 (GraphPad Software, San Diego, CA).
Statistical anal yses. The significance of effects between control cultures and drug treatments was calculated with post hoc Student's unpaired two-tailed t tests with statistical software (Prism2, GraphPad Software). The 95% confidence intervals (95% C.I.) for the EC 50 values calculated for Figure 4 and the half-times calculated for Figures 5-7 are provided in Results. In all comparisons in which the 95% C.I. values were nonoverlapping, the data sets that were compared were also significantly different by two-way ANOVA ( p Ͻ 0.001; Prism2, GraphPad Software).
RESULTS

Characterization of the mesencephalic culture system
Of the total cells in the culture, ϳ5% express tyrosine hydroxylase, as determined by immunofluorescent techniques (data not shown). RNA prepared from E15, E21, and adult mesencephalic tissue contains transcripts of -and -opioid receptors as determined by RT/PCR (Fig. 1 A,C) . In contrast, ␦-opioid receptor message is detectable in adult preparations, but not in RNA preparations of embryonic tissue (Fig. 1 B) .
To determine the functional relationship between -opioid receptors and dopaminergic neurons, we used a 3 H-dopamine ( 3 H-DA) release assay. Because dopamine transporters are localized exclusively on dopaminergic neurons in the midbrain (Kuhar et al., 1998) , this approach allows for the selective analysis of dopaminergic function in the midst of a heterogeneous culture system. By analyzing multiple time points before and after K ϩ -stimulated 3 H-DA release, we could evaluate the effects of -specific ligands on spontaneous and stimulated release (Fig. 2) . The data indicate that U69,593, a -specific agonist, inhibits both spontaneous and K ϩ -stimulated 3 H-DA release. To determine the specificity of the U69,593-mediated effects on dopamine release, we examined several receptor or G-protein inhibitors in combination with U69,593 for their effects on spontaneous (Fig. 3A) and K ϩ -stimulated (Fig. 3B ) release from the same set of cultures. The effect of tetrodotoxin indicates that ϳ25% of the spontaneous release and all of the K ϩ -stimulated release are action potential-dependent. U69,593 inhibited all of the action potential-dependent spontaneous release and ϳ70% of the K ϩ -stimulated release. The effects of U69,593 were blocked by a -specific antagonist nor-BNI (Portoghese et al., 1987) and by pertussis toxin. Quinpirole, a D 2 dopamine receptor agonist, had an effect similar to U69,593 on spontaneous and K ϩ -stimulated release. The individual effects of TTX, U69593, and quinpirole as compared with the no-drug controls were all statistically significant in both the spontaneous and K ϩ -stimulated assay ( p Ͻ 0.01; t test). Taken together, these results indicate that U69,593 is activating a -opioid receptor system in which G i or G o couples the receptor to effector mechanisms. This system is capable of inhibiting the action potential-dependent release of 3 H-DA. In this regard, the -receptor system is similar to the D 2 autoreceptor system on dopaminergic neurons.
CNQX, an AM PA receptor antagonist, blocked 28% ( p Ͻ 0.05; t test) of the K ϩ -stimulated release and essentially all of the action potential-dependent spontaneous release ( p Ͻ 0.01; t test). In the stimulated release assay C NQX and U69,593 showed additive effects; together they inhibited 89% of 3 H-DA release ( p Ͻ 0.01, t test, when compared with C NQX alone; p Ͻ 0.05, t test, when compared with U69593 alone). This indicates that the two drugs are working via distinct mechanisms to inhibit stimulated release. In the spontaneous release assay the two drugs were nonadditive, and C NQX occluded the effects of U69,593. This suggests that glutamate is the stimulus for action potentialdependent spontaneous release in this system.
Tolerance to U69,593
Concentration-dependent effects of U69,593 in naïve and U69,593-e 
xposed cultures
Both spontaneous and K ϩ -stimulated 3 H-DA release were inhibited by U69,593 in a dose-dependent manner (Fig. 4) . The drug was a more potent inhibitor of spontaneous release (Fig. 4 A; EC 50 ϭ 1.5 nM; 95% C.I. ϭ 0.4 -5 nM) than of K ϩ -stimulated release (Fig. 4 B; EC 50 ϭ 10 nM; 95% C.I. ϭ 6.4 -17 nM). Cultures exposed to 1 M U69,593 for 2 d showed decreased sensitivity to the effects of U69,593 on spontaneous (Fig. 4 A; EC 50 ϭ 9 nM; 95% C.I. ϭ 1.6 -52 nM) and K ϩ -stimulated (Fig. 4 B; EC 50 ϭ 1.4 M; 95% C.I. ϭ 0.4 -49 M) release. The EC 50 shift was larger in the K ϩ -stimulated release assay (140-fold) than in the spontaneous release assay (sixfold). Because the protocol for this experiment involved washing off U69,593 from the U69,593-treated cultures ϳ2 hr before the concentration dependence was determined, it is likely that some recovery from the drug treatment occurred during this 2 hr interval. These data demonstrate that prolonged exposure to U69,593 results in decreased receptor response, i.e., the development of tolerance.
Kinetics of U69,593-induced attenuation of its effect on
To measure the kinetics of tolerance onset, we exposed the cultures to 1 M U69,593 (U69,593-exposed) for 0, 1, 2, 4, 6, 16, or 144 hr. After each period of U69,593 exposure the effect of U69,593 exposure on K ϩ -stimulated release was measured in U69,593-bound cultures and in U69,593-free cultures. The latter was achieved by adding the -specific antagonist nor-BNI (1 M) to drug-exposed cultures 12 min before K ϩ stimulation. Previous experiments indicated that 1 M nor-BNI could displace U69,593 completely from its receptor within 6 min (data not shown). Moreover, no inverse agonist function or effects on spontaneous or stimulated 3 H-DA release were seen after nor-BNI addition in naïve cultures. Thus its inclusion resulted in a U69,593-free condition after U69,593 exposure. As shown in Figure 5A , the effects of U69,593 exposure on K ϩ -stimulated release change with time in either the bound or free condition. When plotted as a ratio versus the duration of U69,593 exposure, the comparison of -and -Receptor transcripts can be detected in embryonic and mesencephalic rat tissue. RNA was extracted from embryonic (E15, E21) and adult mesencephalic tissue, and reverse transcription was performed with a primer predicted to hybridize with -, ␦-, and -receptor mRNA. PCR subsequently was performed with primers specific for either the , the ␦, or the receptor. PCR primer specificity was confirmed with , ␦, or cDNA templates in control reactions. PCR products were size-fractionated with PAGE and fluorescently stained. A, C, Primers specific for the receptor and primers specific for the -receptoramplified segments that were the predicted size from E15, E21, or adult transcripts and from or cDNA sequences. C, Segments amplified by -specific primers contain an EcoRI restriction site as predicted. ␦-Specific PCR primers ( B) did not amplif y a segment of predicted length from embryonic tissue. release in the U69,593-bound condition to the release in the U69,593-free condition shows the rate of attenuation of the capacity of the receptor to inhibit release (t 1 ⁄2 ϭ 3.7 hr; 95% C.I. ϭ 2.4 -7.5 hr, single phase exponential; Fig. 5B ).
Inhibition of release by U69,593 also resulted in increased basal activity or dependence. For example, in the cultures treated for 1, 2, 4, 6, and 16 hr with U69,593, the K ϩ -stimulated release in the U69,593-free condition (i.e., nor-BN I-treated) was increased significantly (t test; p Ͻ 0.005) relative to the release from drug-free naïve cultures (Fig. 5A ). Thus U69,593 exposure induced dependence in this system.
To address the question of whether the agonist-induced attenuation of the -opioid receptor signaling system was the result of more than one mechanism, we compared the rate of recovery from a 4 hr U69,593 exposure to that from a 144 hr exposure. Thus after drug exposure U69,593 was washed off either with the KRS washes (2 hr recovery period) or with culture medium (7, 16, 39, or 46 hr recovery periods). The latter set of washes reduced total 3 H-DA uptake in the release assay by 7-10%; otherwise, the total 3 H-DA uptake was not affected by the duration of recovery. After a 4 hr exposure (Fig. 5C) , attenuation of the -opioid receptor signaling system was ϳ50% complete. After removal of the agonist, recovery to baseline sensitivity occurred rapidly ( Fig.  5C ; t 1 ⁄2 ϭ 1.1 hr; 95% C.I. ϭ 0.6 -4.0 hr). In contrast, the recovery rate after a 144 hr U69,593 exposure was slow ( Fig. 5C ; t 1 ⁄2 ϭ 20 hr; 95% C.I. ϭ 13-52 hr). This large difference in the recovery rates indicated that the attenuation of the -receptor system attributable to 144 hr of U69,593 exposure was fundamentally different from the attenuation that occurred as a result of 4 hr of U69,593 exposure.
Kinetics of U69,593-induced attenuation of its effect on spontaneous 3 H-DA release
Attenuation of the U69,593-mediated effects also is seen in the 3 H-DA spontaneous release paradigm. For example, at 1 hr of drug exposure 1 M U69,593 retained its effect on spontaneous release (24 Ϯ 2% inhibition; n ϭ 12), but after 144 hr of U69,593 exposure the spontaneous release in the presence of U69,593 was not measurably different from the spontaneous release from naïve U69,593-free cultures. Evaluation of the U69,593 effect on spontaneous release as a function of U69,593 exposure time (Fig. 6 A) indicated that the rate of U69,593-induced attenuation in the spontaneous release assay occurred relatively slowly (t 1 ⁄2 ϭ 22 hr; 95% C.I. ϭ 15-40 hr). In contrast, the recovery of spontaneous release was rapid (t 1 ⁄2 ϳ0.7 hr; Fig. 6 B) . U69,593-induced -opioid dependence also was observed in the spontaneous release assay. The addition of nor-BNI to U69,593-exposed cultures increased 3 H-DA release relative to naïve cultures (Fig. 7) . Evaluation of the magnitude of nor-BNIevoked release in U69,593-exposed cultures as a function of U69,593 exposure time indicated that the effect was maximal at the earliest time that was measured ( Fig. 7 ) and decayed to a plateau that was ϳ120% of the release from naïve cultures (t 1 ⁄2 ϭ 41 hr; 95% C.I. ϭ 19 to Ͼ100 hr). Even after reaching this plateau, the nor-BNI-induced release was significantly greater than the release from naïve sister cultures (t test; 144 or 220 hr exposed cultures vs naïve; p Ͻ 0.05). Similarly, when U69,593 was washed off before 3 H-DA loading (Table 1) , spontaneous release from the 144 hr, U69,593-exposed cultures was significantly greater than the release from the 4 hr, U69,593-exposed cultures or from naïve cultures.
DISCUSSION
Drugs of abuse produce long-lasting adaptations not only in dopaminergic pathways but also in interrelated systems. Repeated exposure to cocaine leads to the upregulation of opioids and their receptors. Although the effect of this response on dynorphin release and -opioid tone is unclear, this adaptation may be an important contributor to the dysphoric mood and aversive aspects of subsequent periods of abstinence. The induction of -opioid tolerance, particularly in the MCL, represents a potential clinical strategy to minimize the dysphoric aspects of abstinence and reduce the incentive for relapse into cocaine abuse. The present study directly assessed the degree to which tolerance can occur in cultures of MCL dopaminergic neurons. The major findings are that receptors inhibit both spontaneous and K ϩ -stimulated dopamine release and that these processes exhibit different as- Points represent the ratio of release in the U69593-bound condition to the release after treatment with nor-BN I. Data are fit to a single exponential curve. Points represent the mean for 6 -11 experiments; error bars show Ϯ SEM. U69,593 exposure for 6 d slightly reduced (by ϳ8%) the amount of 3 H-DA taken up during the loading step of the release assay as compared with the naïve cultures, but this difference was not statistically significant (n ϭ 6; p ϭ 0.08). C, Recovery kinetics. Cultures were kept naïve ( filled circle) or were exposed to 1 M U69,593 for 4 hr (open squares) or 144 hr ( filled squares). U69,593 was washed off, 4 and the cultures were allowed to recover in K RS (2 hr time point) or in conditioned, drug-free medium (7, 16, 39, or 46 hr time points) before the assay of the U69,593 effect on stimulated release. The circle shows the effect of U69,593 on K ϩ -stimulated release from naïve cultures. The squares show the effect of U69,593 after various time periods of recovery from the two treatment conditions. Results are expressed as a percentage of U69,593-free K ϩ -stimulated release in control sister cultures that were pretreated, washed, and allowed to recover in an identical manner to the experimental cultures. Note that the values for release at 0 hr of recovery were carried over from the 4 and 144 hr time points of B. The curve represents the best fit of a single exponential. The points represent the mean for 3-14 experiments; error bars show Ϯ SEM. Error bars are not shown for SEM Ͻ2%.
pects of tolerance. -Opioid dependence is observed also. Thus these data support the idea that pharmacological administration of opioids may reverse cocaine-induced MCL adaptations.
Characterization of the cultured MCL system
The selective uptake of radioactive dopamine provides a sensitive assay by which both spontaneous and stimulated dopamine release can be measured (see Fig. 2 ). In the case of spontaneous release, endogenous glutamate appears to serve as the stimulus, whereas raising extracellular K ϩ levels to 15 mM generates a threefold increase in dopamine release (see Figs. 2, 3) . As predicted from the RT/ PCR studies (see Fig. 1 ), -opioid receptor function is apparent in MCL cultures (e.g., Fig. 2) . Activation by the agonist U69,593 inhibits all of the action potential-triggered dopamine release in the spontaneous release paradigm (see Fig.  3A ) and up to 70% of the K ϩ -stimulated release (see Fig. 3B ). In either case the effects of U69,593 are blocked by nor-BNI as well as by pertussis toxin (see Fig. 3 ). Thus U69,593-activated receptors appear to be coupled to G i -or G o -proteins in the modulation of dopamine release.
-Induced adaptations in MCL cultures: Tolerance
Prolonged U69,593 exposure results in decreased receptor response, or tolerance, in either the spontaneous or the stimulated release paradigm. The tolerance observed is attributable to decreased signaling via receptor and receptor-linked systems as well as to increased levels of basal neuronal activity. In the case of the stimulated release assay, the first process can be resolved into two mechanisms (see Fig. 5 ). One mechanism develops early during U69,593 exposure and diminishes rapidly after removal of the drug. The other mechanism develops over a longer time period of exposure and is a more long-lasting adaptation. Conceivably, the first mechanism represents desensitization caused by receptor phosphorylation and arrestin binding, whereas the second represents receptor downregulation and/or an alteration in the activity level of another component of the signaling system such as a G-protein, an RGS protein, or an effector molecule (Loh et al., 1988; Freedman and Lefkowitz, 1996; Nestler and Aghajanian, 1997) . In contrast, the tolerant state is slower to develop in the spontaneous release assay, and recovery to full sensitivity is more Figure 6 . Onset and recovery kinetics of U69,593-mediated tolerance in the spontaneous 3 H-DA release assay. A, Onset kinetics. Cultures were exposed to 1 M U69,593 for various time periods, and spontaneous 3 H-DA release was determined in the presence of U69,593. Data are expressed as a percentage of 3 H-DA release from naïve U69,593-free sister cultures. B, Recovery kinetics. Cultures were kept naïve or were U69,593-exposed for 144 hr. U69,593 effect on spontaneous release was determined at 0, 2, 6, 16, or 48 hr after the drug was washed off. Data are expressed as a percentage of U69,593-free spontaneous release in U69,593-exposed matched cultures. For the 0 hr recovery point the data are expressed as a percentage of release from naïve cultures. The curves represent the best fit of a single-phase exponential. The points are the mean Ϯ SEM for 3-12 determinations. Error bars are not shown for SEM Ͻ2%. 27.9 Ϯ 0.4 (6)**# Cultures were kept naïve or were exposed to 1 M U69,593 for 4 or 144 hr. Medium was removed, and the cultures were washed with U69,593-free KRS in preparation forrapid (see Fig. 6 ). The difference in EC 50 for U69,593 and the differences in the rates of tolerance onset and offset between the spontaneous and stimulated assays can be explained by the different degrees of -receptor activity and the corresponding levels of receptor occupancy required to counteract the two stimuli. For example, because 15 mM K ϩ is the greater of the two stimuli, the inhibition of its action requires a higher level of -receptor occupancy. Consequently, there are fewer "spare" receptors; thus the effect is more sensitive to processes inactivating receptors or receptor-linked systems. This inverse relationship between receptor reserve and EC 50 in opioid systems has been well described in other systems (Cox and Chavkin, 1983; Chavkin and Goldstein, 1984) .
Collectively, these data predict that -induced tolerance of MCL-mediated processes depends on the nature of the stimulus for dopamine release. For example, in the spontaneous release paradigm, half-maximal tolerance to the inhibitory effects of U69,593 was seen only after high concentrations of this drug were present in the culture system for 22 hr (see Fig. 6 A) . Sensitivity to the drug returned in approximately the same time period required to wash the drug off (see Fig. 6 B) . This suggests that dopamine release that is the result of spontaneous neuronal activity or that is attributable to weak stimuli will not show tolerance to opioids. Indeed, this has been observed (Donzanti et al., 1992) . In contrast, dopamine release because of stronger stimuli such as the -opioid-induced disinhibition of dopaminergic neurons would be expected to develop tolerance rapidly to the effects of agonists. Thus selective tolerance to -opioid effects on MCL activity would occur. These observations are in agreement with recent primate data suggesting that selective tolerance occurs to -opioid effects on MCL -mediated behaviors (Negus et al., 1997 ).
-Induced adaptations in MCL cultures: Dependence
Agonist exposure also results in a compensatory increase in the basal activity of the dopaminergic neurons as measured by stimulated and spontaneous dopamine release (see Figs. 5A, 7 ). This effect is maximal at early time points and decays to a plateau that is above the level of release from naïve cultures (see Fig. 7 ). These data fit a model in which short-term U69,593 exposure induces an accumulation of dopamine within the neuron because of its capacity to reduce spontaneous dopamine release. Consequently, displacement of U69,593 with nor-BN I at early time points (Ͻ6 hr) triggers a large discharge of dopamine from the neuron because of the augmented intracellular reservoir (see Fig. 5A ). In contrast, during prolonged exposure to U69,593, tolerance to this effect develops, and U69,593-induced intracellular accumulation of dopamine is minimal. In this model the residual 20% augmented dopamine release represents enhanced neuronal activity (see Fig. 7 ). Conceivably, this is the neuronal equivalent of -opioid dependence that has been observed in intact systems (Gmerek and Woods, 1986; Gmerek et al., 1987; Feng et al., 1997; Milanes et al., 1997; Mello and Negus, 1998) . The augmented release seen after short U69,593 exposures is similar to the rebound effect seen in intact systems after single doses of agonists (Brent et al., 1993) .
Role of tolerance in withdrawal syndromes
Both primates and rodents exhibit withdrawal behaviors after the termination of long-term -opioid exposure (Gmerek et al., 1987; Feng et al., 1997; Mello and Negus, 1998) . For other opioids, characteristics of the withdrawal syndrome are the opposite of the immediate effects of acute administration of the opioid. Conceivably, then, withdrawal from -opioids might not be unpleasant because its acute administration produces dysphoria. Studies evaluating withdrawal from selective agonists have not been done in humans, although volunteers have been made tolerant to cyclazocine, a drug with some -agonist properties. The withdrawal syndrome in that study reportedly was mild (Martin et al., 1966) . Moreover, in clinical trials testing the analgesic effect of enadoline, a -specific agonist, although the subjects reported unpleasant subjective effects of the drug, they did not withdraw from the study (Reece et al., 1994) . Thus the pharmacological induction of tolerance may be possible.
In conclusion, in this paper we have demonstrated that tolerance and dependence can occur in midbrain dopaminergic neurons and, by implication, in the intact MCL system. As discussed above, exposure to drugs of abuse such as cocaine augments -opioid signaling in the MCL circuitry, and it has been suggested that this increase in -opioid tone contributes to the unpleasant and aversive quality of cocaine withdrawal and abstinence syndromes (Hurd and Herkenham, 1993; Shippenberg et al., 1996) . Our results support the proposition that -opioid tone can be lowered by the pharmacological induction of -opioid tolerance and dependence in MCL circuitry. This type of intervention may help to ameliorate some of the symptoms of withdrawal and abstinence; as a result, it may be useful in the rehabilitation of drug-addicted individuals.
